Background: Chronic lymphocytic leukemia (CLL) is a chronic disease that often progresses slowly from a precursor stage, monoclonal B-cell lymphocytosis (MBL), and that can remain undiagnosed for a long time.
Introduction
B-cell chronic lymphocytic leukemia (CLL), a specific form of non-Hodgkin lymphoma (NHL), is characterized as a clonal expansion of abnormal B lymphocytes in peripheral blood, bone marrow, and lymphoid tissues. Two landmark studies (1, 2) showed that all CLL develop through a precursor stage of monoclonal B-cell lymphocytosis (MBL)-an asymptomatic condition in which small numbers of clonal B cells are detectable in blood, and which affects more than 3% of individuals of age 50 and older (3) . The majority of MBL share with CLL a common immunophenotype, including coexpression of the cluster of differentiation antigens CD5 and CD23 on the cell surface, close to undetectable levels of surface immunoglobulin, and a number of cytogenetic abnormalities (4, 5) . MBL is differentiated from CLL by an absolute number of monoclonal B cells with a CLL phenotype less than 5,000 mL in the peripheral blood (6) .
Considerable research is being directed toward the identification of phenotypic characteristics of MBL that can reliably predict the progression toward clinical CLL requiring medical treatment (4, 7) . One established risk factor for progression of MBL into clinical CLL is the size of the abnormal B-cell clone, which generally correlates strongly with absolute B lymphocyte counts. Low-count MBL, where absolute B lymphocyte numbers are not increased much, but where a few monoclonal, CLL-like B cells (<100 cells/mL) are detectable, does not appear to represent a true preleukemic condition. By contrast, high-count MBL, in which typically 500 to 5,000 neoplastic B cells per microliter are counted (i.e., corresponding to a genuine condition of lymphocytosis), does progress at an estimated rate of around 1% to 2% per year to a stage of clinical CLL (1, 8, 9) .
Typically, in clinical CLL cell surface concentrations of CD23 are strongly increased in comparison with normal B cells, as a result of abnormal upregulation of the CD23 gene (10) . CD23, is a transmembrane glycoprotein corresponding to the low-affinity receptor for IgE and plays an important role in the capture and processing of antigen complexed with IgE and regulation of IgE responses (11, 12) . CD23 can be cleaved from cell surfaces to yield soluble CD23 (sCD23) proteins that are released into extracellular fluids. In patients with CLL plasma sCD23 levels are highly (3-to 500-fold) increased compared with levels among healthy control subjects (10) (11) (12) (13) . Furthermore, among CLL patients higher plasma levels of sCD23 correlate with more advanced disease stage, shorter doubling times of lymphocytes, and poorer prognosis in terms of expected survival time (13, 14) , and sCD23 levels are also a reflection of tumor mass and the size of the CD23 þ B-cell pool (15, 16) .
In the present article, we present results from a large, population-based cohort of individuals initially free of cancer symptoms-the European Prospective Investigation into Cancer (EPIC)-on the longitudinal relationship of plasma sCD23 levels with the subsequent probability of being clinically diagnosed with CLL, within a prospective follow-up time ranging from 0.06 to 12.5 years.
Materials and Methods
EPIC is a large prospective cohort study with more than 500,000 participants enrolled in 23 centres in Denmark, France, Germany, Greece, Italy, the Netherlands, Norway, Spain, Sweden, and the United Kingdom (17) . Between 1992 and 1998, subjects were mostly invited from the general adult population residing in a given town or geographical area. There were, however, exceptions to this recruitment scheme. The French cohort was based on members of a national health insurance for teachers (with the aim of facilitating follow-up for incidence of cancer and other diseases). The cohorts in Utrecht (the Netherlands) and Florence (Italy) included women invited for a local population-based breast cancer screening program. In Oxford (UK) half of the cohort was recruited among subjects who did not eat meat, including vegans (who consume no animal products), lacto-ovo vegetarians, and fish eaters (i.e., consumers of fish but not meat). Standardized lifestyle and personal history questionnaires were collected from all study participants, and for more than 430,000 participants a blood sample was also collected at first recruitment. Blood samples were processed into fractions containing serum, plasma, red cells, and buffy coat and were frozen and stored in a central biorepository at the International Agency for Research on Cancer (Lyon, France, À196 C in liquid nitrogen) for all countries except Denmark (À150 C in nitrogen vapor) and Sweden (in À80 C freezer). All participants gave written informed consent to participate in the study, and the present study was approved by the local ethics committees in the participating countries and by the Internal Review Board of the International Agency for Research on Cancer (Lyon, France).
Follow-up for cancer incidence and vital status
Data on vital status in EPIC are collected through record linkage with regional and/or national mortality registries, and systematic checks through municipal population registries. Cancer incidence is determined through record linkage with regional cancer registries (Denmark, Italy, the Netherlands, Norway, Spain, Sweden, and the United Kingdom. complete, for the present report, up to December 2004) or through the use of health insurance records or active follow-up of study participants, followed by contacts with clinical pathology registries (France, Germany, and Greece complete up to December 2006). All reported diagnoses of lymphoid cancers reported within the European EPIC project were centrally reviewed by hematologists. Cases with lymphoid cancers were originally classified according to the second revision of the International Classification of Diseases for Oncology (ICD-O-2), but were subsequently reclassified according to the WHO classification of hematopoietic and lymphoid tissue cancers, third edition (18) , using a program available on the United States National Cancer Institute Surveillance Epidemiology and End Results (SEER) website (http://seer.cancer.gov/lymphomarecode/lymphoma-who2008.html). As staging data as well as B-cell counts were unavailable for EPIC CLL cases, our reclassification of hematologic disease endpoints into ICD-O-3 coding did not differentiate between progressive MBL (previously classified CLL RAI 0 with B-cell counts below 5,000/mm 3 ) or CLL according to more recent (ICD-O-3) definitions. In none of the local EPIC subcohorts was there any organized form of screening for hematologic disorders. Participants of the French cohort (n ¼ 24,371 with available blood samples) were excluded from the study because the clinical verification and endpoint coding of lymphoid neoplasms, initially identified through health insurance records, was incomplete at the time the present study was started. After the additional exclusion of cases who had any other form of cancer except benign skin tumors before the diagnosis of lymphoma, a total of 181 cases of CLL were available for the present study.
Nested case-control design and participant selection
For each case of CLL, one control was selected by incidence density sampling from all cohort participants who were alive and without a cancer diagnosis at the time the corresponding index case with lymphoma was diagnosed (19) , and matching the index case for study centre, sex, blood donor status, age at blood donation (AE12 months), and date (AE3 months). The incidence density sampling method allows control subjects to be sampled twice, or even to become a CLL case at a later time in prospective follow-up. This, however, did not actually occur in the casecontrol sample generated for the present study.
Laboratory analysis
Plasma concentrations of sCD23 were determined using a commercially available ELISA assay (BIOSOURCE EASIA; Invitrogen). All sCD23 measurements were performed in the same laboratory (Division of Cancer Epidemiology, German Cancer Research Center, Heidelberg, Germany). CLL cases and their matched control subjects were systematically analyzed within the same immunoassay batch, and laboratory personnel were blinded to the case or control status of participants. Plasma samples from each case-control set were assayed within the same analytic batch. Two plasma quality control samples were analyzed within each batch. The within-batch coefficient of variation was 3.9% and the between-batch coefficient of variation was 8.7%.
According to the manufacturer, the BIOSOURCE EASIA assay provides a dynamic range of 0.10 to 20.0 U/mL, in which 1 U/mL corresponds to 1.25 ng/mL of sCD23 protein (25-Da isoform). Because of slight flattening of standard curve at the extreme ends, the highest level of sCD23 that could be reliably quantified was 17.07 U/mL and the lowest quantifiable level was 0.90 U/mL. Therefore, measurements at the lower limit of the detection range [2 cases (1.12%) and 17 control subjects (9.50%)] were set to the lowest quantifiable value (0.90 U/mL) and likewise, for those at the higher limit [44 cases (24.58%) and 0 control subjects (0%)] values were set to the maximum quantifiable value of 17.07 U/mL. For two individuals, the serum samples available for this study had to be discarded after a technical liquid handling error, leading to the exclusion of two case-control pairs from the statistical analysis.
Statistical analysis
Data from 179 matched case-control pairs were available for statistical analysis. The distributions of plasma sCD23 of CLL cases and their matched control subjects were described using Box plots, and differences between the distributions between cases and controls or across covariate levels were evaluated by nonparametric ANOVA (Kruskal-Wallis/Wilcoxon) tests. Conditional logistic regression was used to calculate ORs and 95% confidence intervals (95% CI) of CLL diagnosis in relation to quintile levels of plasma sCD23, using quintile cutoff points based on the control subjects. As the vast majority of CLL cases had serum sCD23 measurements within the highest quintile, there were very sparse case numbers in the lower four quintiles. In addition, across the lower four quintiles there was no evidence for association between sCD23 and CLL diagnosis. We therefore combined the lower four quintiles into a single reference category. Associated P values were computed using likelihood ratio statistics, indicating the improvement of the model fit after including the variable in the model. Possible confounding effects by smoking status (categorical: life-long nonsmoker, current smoker, exsmoker), alcohol consumption at the time of recruitment (g/d), and highest attained school level (categorical: none, primary school completed, technical/professional school, secondary school, longer education (incl. university degree) were examined by additional inclusion of these variables in the logistic regression model. However, none of these additional adjustments changed OR estimates by more than 8%, and therefore they were not retained for our final risk model. Tests for interaction between other risk factors and CD23 were done by adding the multiplicative terms in the model and tested by likelihood ratio statistics. However, no significant interactions were observed. Associations of CD23 with risk of CLL were additionally examined by duration of lag time between blood donation and diagnosis of CLL, and by age of the study subjects at the time of blood donation, using quartile cutoff points to form categories of lag time and age, and combining the middle (second and third) quartiles into a single category. Within each category of lag time and age, ORs of CLL by sCD23 level were calculated, and the predictive capacity of sCD23 for future diagnosis of CLL was evaluated by analysis of the relative or ROCs, plotting sensitivity against 1 minus specificity. The ability of sCD23 to discriminate between individuals who developed CLL or not is summarized by the AUC, with an AUC of 100% being the best possible test, and an AUC of 50% corresponding to a random test with no discriminatory power.
All analyses were performed using SAS version 9.2 (SAS Institute Inc.). All tests of statistical significance were two-sided, and P values <0.05 were considered significant. 33.6-75.0 years) and 63.2 years at diagnosis of CLL (range, 41.5-82.6 years). The median follow-up time between blood donation and date of diagnosis was 5.1 years (range, 0.06-12.5 years). Overall, CLL cases and controls showed no significant differences in level of formal education, smoking status, alcohol consumption, or body mass index (BMI; Table 1 ). Plasma sCD23 concentrations correlated weakly and positively with age, more strongly so among individuals who developed CLL (Spearman R ¼ 0.32; 95% CI, 0.18-0.44) than among the control subjects (R ¼ 0.16; 95% CI, 0.01-0.30), but showed no significant difference by sex, level of BMI, and smoking. Among the control subjects, but not among the CLL cases, level of alcohol consumption was inversely associated with plasma sCD23 concentrations.
On average, levels of sCD23 were significantly higher for subjects who had a diagnosis of CLL (median, 7.26 U/mL 5th-95th percentile range 1.19-17.07þ U/mL; capped) than among the controls (median, 1.60 U/mL 5th-95th percentile range 0.90-6.04 U/mL; Fig. 1A ). Examining the data within three strata of age at the time of blood donation (33.5-53.3, 53.4-62.1, and 62.2-75.0 years), the case-control differences were larger for the older as compared with the younger subjects (Fig.  1C, Box plots) . Likewise, the distributions of sCD23 of cases and controls differed more strongly for case-control sets in which the cases had been diagnosed within shorter lag time since blood donation [(0.1-2.7 years) as compared with longer lag times 2.8-7.3 years, or 7.4-12.5 years; Fig. 1B ]. Of note, even in the case-control subset within the highest quartile of lag time (7.4-12.5 years) 44.2% of the cases had sCD23 values above the maximum value observed for the control subjects, and 55.8% of the cases had values above the 90th percentile of the controls.
Conditional logistic regression models showed a strong increase in the probability of CLL diagnosis only for the highest quintile of sCD23 and no association at lower levels of sCD23 (Table 2) . No significant interactions between sCD23 and other risk factors were observed.
All case-controls sets combined, irrespective of age or lag time, the analysis of ROCs showed an AUC of 0.88 for a model including sCD23 as a predictor of CLL diagnosis (ROC figure not shown). Plotting ROC curves for case-control sets within three strata of lag time between blood donation and diagnosis (for the cases), the AUC equaled 0.95 for the lowest quartile of lag time (0.1-2.7 years), 0.90 for the middle two quartiles combined (2.4-7.3 years), and 0.76 for the highest quartile (7.4-12.5 years; Fig.  2 ). Plotting ROC curves for case-control sets by quartiles of different age at blood donation, the predictive capacity of sCD23 for diagnosis of CLL showed a clear increase with age, with AUC of 0.94 (95% CI, 0.89-0.99) for the oldest age group (>62 years at blood donation; Fig. 2 ). Adjustments for smoking, alcohol consumption, or BMI did not alter the AUROC estimates. Among the CLL cases, age at blood donation was only weakly inversely associated with lag time until diagnosis (R ¼ À0.20; 95% CI, À0.34 to À0.05), whereas lag time until diagnosis showed a moderate inverse correlation with sCD23 concentrations (R ¼ À0.42; 95% CI, À0.53 to À0.29).
Discussion
In this prospective analysis among initially asymptomatic individuals, high blood levels of sCD23 were found to be a strong predictor for the later clinical diagnosis of CLL, and indicated long latency times for the existence of B-cell lymphoproliferative disorder preceding clinical disease. As judged by the AUC of an ROC curve, the prediction of CLL by sCD23 was very strong for CLL diagnoses within about 7 years or less after blood measurement (AUC ¼ 0.92), and was fairly strong even for diagnoses after a longer time interval (7.4-12.5 years; AUC ¼ 0.76). In addition, the prediction of CLL diagnosis was also stronger for individuals who had provided blood at an older age (for subjects !62 years, AUC ¼ 0.94) as compared with younger age (for subjects <53.4 years, AUC ¼ 0.79). At least three previous prospective studies have shown an increase in risk of B-cell NHL among patients with acquired immunodeficiency syndrome who had elevated serum sCD23 (20) (21) (22) , but each of these studies had very small numbers of incident lymphoma cases and they included few, if any cases specifically of CLL. By contrast, in the United States one recent study within the Women's Health Initiative cohort-a prospective study of initially asymptomatic women recruited from the general population-showed an increased relative risk of developing CLL, small lymphocytic lymphoma, or prolymphocytic leukemia as a combined disease endpoint (N ¼ 140) among women with elevated sCD23 (OR, 16.1; 95% CI, 7.2-36.2), comparing the top quartile (!75.0 U/mL) versus bottom quartile (<29.2 U/mL) of sCD23. Quartile cutoff points determined in the control population; ref. 23) . In this latter study, however, sCD23 was interpreted primarily together with other markers as an indicator of immune stimulatory host environment and B-cell activation.
Our finding that the majority of CLL cases must have had a preexisting progressive lymphoproliferative disorder up to 7 years and longer before diagnosis fits well to the findings of the landmark study by Landgren and colleagues (2) in the U.S. PLCO cohort, which had shown that the vast majority of individuals who developed CLL (44 of 45 patients) had high-count MBL up to 6 years before diagnosis. Contrary to this landmark study, however, our sCD23 data were not sufficient to indicate whether in all patients the characteristics of this preclinical disorder at the time of blood donation would have already corresponded to a diagnosis of full-blown CLL, or whether the disorder would have been classified as MBL. Among diagnosed patients with CLL, it is well documented that blood concentrations of sCD23 increase Box plots of plasma sCD23 measurements by case-control status. A, all cases and controls; B, by three strata of lag time between blood draw and CLL diagnosis; C, by three strata of age at blood draw. (24, 25) . Furthermore, sCD23 levels have been shown to be a reflection of tumor mass and the size of the CD23 þ B-cell pool (15, 16) . It is, thus, very likely that sCD23 concentrations will also correlate strongly with the size of the B-cell clone in patients with re-CLL who have progressive MBL. However, we are not aware of published reports relating sCD23 concentrations to B-cell counts in MBL at various stages of progression of lymphocytosis, and the general lack of standardization of sCD23 immunoassays also prohibits cross-study comparisons of absolute sCD23 levels in relation to various stages of B-cell lymphoproliferative disease.
Our findings have major relevance with respect to the interpretation of prospective studies in EPIC and other cohorts that aim to identify possible causes of CLL. For example, prospective studies (26) , including ours (27) , have suggested an inverse relationship between serum levels of total and/or allergen specific IgE and risk of developing CLL and other forms of NHL. One proposed interpretation for this inverse relationship is that reduced immune surveillance, reflected by low IgE, could be a contributing cause of lymphoma (28, 29) . In our data, we observed a fairly strong inverse correlation of total IgE with sCD23 in the prediagnostic blood of CLL cases (r ¼ -0.50 among the male patients and r ¼ -0.17 for the female patients), but not of the control subjects. This suggests that low IgE levels are not necessarily a cause of CLL, but equally well could have been a consequence of preexisting disease. In a similar manner, as the expression of transmembrane CD23 on B cells and sCD23 production are regulated by many cytokines, including several ILs (IL4, IL13, IL 5 IL9, and IL10) and IFNg (11, 30) , it is possible that findings from prospective studies linking CLL risk to blood levels of proinflammatory cytokines (31) could also be a reflection of preexisting, but still latent disease.
Within the first 2.7 years of follow-up, and using a cutoff point of 6.2 U/mL, sCD23 predicted a clinical diagnosis of CLL with 100% specificity at >84% sensitivity (Fig. 2) . This high specificity suggests that sCD23 would have potential as a marker for early detection of CLL. However, sCD23 levels can also be increased in conditions other than B-cell lymphoproliferative disorders, such as allergies, endometriosis, and autoimmune diseases such as rheumatoid arthritis or Sj€ ogren's syndrome (32, 33) , conditions in which the increase in sCD23 may arise as result of from polyclonal activation of B cells (11) . Thus, sCD23 may lack specificity for a comprehensive detection of all CLL in an asymptomatic population, and cannot replace standard diagnostic tests based on blood cell counts. Furthermore, as there is currently no therapeutic intervention for CLL- ROC curves for the prediction of future CLL diagnosis by plasma sCD23, by three strata of lag time between blood draw and CLL diagnosis, and by three strata of age at blood draw.
like MBL or early-stage CLL, screening for CLL cannot be recommended. However, the rapid discovery of somatic mutation spectra or epigenetic markers specific for CLL (34) may eventually allow further improvements in specificity of molecular subtypes of CLL that are most aggressive and for which earlier treatment could actually be beneficial.
A limitation of our study is the lack of characterization of study participants at baseline recruitment, in that these had not been screened for the presence of MBL or CLL in a clinically welldifferentiated manner, including blood cell counts and cell sorting. Thus, we could not assess whether sCD23 is a better predictor than the B-cell count for the prediction of future clinical diagnosis of CLL. However, compared with existing clinical cohorts of patients with MBL, a strength of our study is the relatively large number of incident cases of newly diagnosed clinical CLL in a cohort of initially asymptomatic individuals with prediagnostic blood samples, with prospective follow-up times of up to 12.5 years.
Our study indicates that in the vast majority of patients with CLL diagnosed within the European general population, the diagnosis of CLL is preceded by high plasma levels of sCD23-a marker indicating the existence of prediagnostic lymphoproliferative disease-by a time period of up to 7 years or even longer. The length of the apparent lag times between detectable proliferative disorders until clinical diagnosis of CLL has major implications for the interpretation of prospective epidemiologic studies on the causes of CLL. Our findings also suggest relatively long time intervals over which early disease detection may be theoretically possible and relevant, as methods are being developed for the identification of aggressive CLL subtypes that would benefit from earlier treatment.
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